Ubiquitin is a highly conserved 76-amino-acid protein that is covalently linked to its substrates by a three-step enzymatic cascade that is carried out by the ubiquitin activation enzyme (E1), the ubiquitinconjugating enzyme (E2) and ubiquitin ligase (E3) (see review in ref. 1). Seven lysine residues of ubiquitin (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and Lys63) and the N-terminal methionine (M1) can be linked to the C-terminal glycine for the assembly of polyubiquitin chains. The conformation of different linkage-specific chains varies, with Lys63-linked or linear chains adopting an open conformation 2 and Lys48-linked chains being tightly packed 3 . The topology of ubiquitin conjugates usually determines their biological outcomes. A chain of at least four ubiquitins linked by Lys48 or Lys11 leads to protein degradation by the 26S proteasome 4,5 , whereas the presence of either monoubiquitination or chains linked by Lys63 has been implicated in non-proteolytic pathways such as receptor trafficking, signal transduction, autophagy and DNA repair (see reviews in refs. 6-8).
a r t i c l e s
Ubiquitin is a highly conserved 76-amino-acid protein that is covalently linked to its substrates by a three-step enzymatic cascade that is carried out by the ubiquitin activation enzyme (E1), the ubiquitinconjugating enzyme (E2) and ubiquitin ligase (E3) (see review in ref. 1) . Seven lysine residues of ubiquitin (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and Lys63) and the N-terminal methionine (M1) can be linked to the C-terminal glycine for the assembly of polyubiquitin chains. The conformation of different linkage-specific chains varies, with Lys63-linked or linear chains adopting an open conformation 2 and Lys48-linked chains being tightly packed 3 . The topology of ubiquitin conjugates usually determines their biological outcomes. A chain of at least four ubiquitins linked by Lys48 or Lys11 leads to protein degradation by the 26S proteasome 4, 5 , whereas the presence of either monoubiquitination or chains linked by Lys63 has been implicated in non-proteolytic pathways such as receptor trafficking, signal transduction, autophagy and DNA repair (see reviews in refs. [6] [7] [8] .
Most E3 ubiquitin ligases can be classified into two subfamilies: E3s containing the HECT (homology to E6AP C terminus) domain and E3s containing the RING (really interesting new gene) domain. The HECT-containing E3s possess intrinsic catalytic activity, as they can form ubiquitin-thioester intermediates through a catalytic cysteine residue. Therefore, the linkage specificity of the product is largely determined by the E3s. By comparison, E3s containing the RING domain lack a catalytic site. These E3s promote the modification of their targets by facilitating the direct transfer of ubiquitin from the E2-ubiquitin intermediate to the substrate, and thus the linkage specificity is determined by the nature of the E2-E3 pairs. Some E2s build ubiquitin chains of a specific linkage even in the absence of an E3. In these cases, the chain specificity is an intrinsic property of the E2s.
For example, the UBC13-MMS2 (MMS2 is another ubiquitinconjugating enzyme) heterodimer only assembles Lys63-linked polyubiquitin chains 9 . In other cases, RING-containing E3s could also influence the ubiquitin chain topology. For example, a nonspecific E2 enzyme, ubiquitin-conjugating enzyme E2D1 (UBCH5), predominantly synthesizes Lys6-linked chains when it interacts with breast cancer 1 (BRCA1) and BRCA1-associated RING domain 1 (BARD1) 10, 11 . However, how E3s containing RING domains achieve their linkage specificity is not well understood.
Ubiquitination has a key role in orchestrating the cellular response to double-strand DNA breaks (DSBs), especially in mammalian systems 11, 12 . The first E3 ubiquitin ligase that acts in the DNA damage signaling pathway is RNF8 (refs. 13-15) . RNF8 rapidly accumulates at DSBs through the interaction of its forkhead-associated (FHA) domain with the ataxia telangiectasia mutated (ATM)-phosphorylated TQXF motifs in mediator of DNA-damage checkpoint 1 (MDC1). The E3 ligase activity of RNF8 is required for the ionizing radiationinduced focus formation (IRIF) of tumor protein p53 binding protein 1 (53BP1) and BRCA1, and, thus, RNF8 acts downstream of MDC1 but upstream of 53BP1 and BRCA1 in the DNA damage signaling pathway. A second E3 ligase, RNF168, was also discovered 16, 17 that functions downstream of RNF8 but upstream of 53BP1 and BRCA1. Unlike the phosphorylation-dependent accumulation of RNF8 at DSBs, RNF168 focus formation depends on its two ubiquitin-binding domains termed MIUs (motif interacting with ubiquitin) 16, 17 . The current model is that RNF8 and RNF168 act with the E2 enzyme UBC13 to synthesize Lys63-linked polyubiquitin chains at DSB sites. RNF8 is required for the di-ubiquitination of histone H2A and H2AX. RNF168 recognizes the RNF8-synthesized di-ubiquitinated H2A and H2AX and other a r t i c l e s unidentified substrates through its MIU motifs and further elongates the Lys63-linked polyubiquitin chains to reach the threshold that is required for the sustained assembly of 53BP1, BRCA1 and other DNA damage repair proteins at DSB sites 13, [15] [16] [17] [18] . Here we expand this model and show that RNF8 and RNF168 assemble functionally distinct polyubiquitin chains and thereby assign different fates to their substrates.
RESULTS

RNF8 and RNF168 synthesize different ubiquitin chains at DSBs
It has been shown that epitope-tagged Lys6 only or Lys63 only, but not Lys48 only, ubiquitin (in which all other lysines have been mutated to arginines) form foci after DNA damage 19 , suggesting that Lys6-linked and Lys63-linked polyubiquitin chains are enriched at DSB sites. Furthermore, the accumulation of endogenous Lys63-linked, but not Lys48-linked, ubiquitin chains at DSB sites has been observed by using linkage-specific antibodies 16, 17, 20 . However, we felt that the involvement of Lys48-linked polyubiquitin chains in the DNA damage signaling pathway could not be ruled out because Lys48-linked polyubiquitin chains are extremely unstable 4 .
To understand what types of ubiquitin chains are formed by RNF8 and RNF168, we expressed RNF8 or RNF168 at modest levels; both relocalized to foci after exposure to ionizing radiation (Fig. 1) . RNF8 readily formed foci at DNA break sites and colocalized with ubiquitin conjugates, as detected by the FK2 antibody 21 ; however, RNF8 had little effect on the brightness of the FK2 foci (Fig. 1a, left) . Notably, using linkage-specific antibodies to ubiquitin, we showed that RNF8 induced Lys48-linked polyubiquitin chain formation at DSB sites that are marked by γH2AX (Fig. 1a, left, and Supplementary Fig. 1a) , whereas RNF168 did not markedly affect the intensity or the diffuse distribution of the Lys48 staining (Fig. 1a, middle, and Fig. 1c) . The ability to promote Lys48 staining relies on the E3 ligase activity of RNF8, as an inactive mutant of RNF8 could not enhance Lys48 staining despite its localization to DSBs (Supplementary Fig. 1b) . In contrast, expression of RNF168 resulted in markedly increased staining for FK2, as well as for Lys63 (Fig. 1a, middle) , which is consistent with the observation that FK2 and Lys63 focus formation largely depend on the presence of RNF168 (refs. 16, 17) . Together, these data suggest that RNF8 and RNF168 promote the accumulation of ubiquitin conjugates at DSB sites, with a preference of RNF8 and RNF168 for, respectively, Lys48-and Lys63-linked ubiquitin chain formation.
The probable reason that we and others did not detect endogenous Lys48-linked ubiquitin chain formation at DSB sites is the rapid turnover of Lys48 chains. To address this issue, we used the MIU domains of RNF168 (residues 100-500), which bind ubiquitin conjugates at DNA breaks generated by RNF8 and RNF168 (refs. 16,17) without any marked preference for Lys48 or Lys63 linkages ( Fig. 1a ; also see Fig. 1d ). We speculated that the ubiquitin binding ability of RNF168 MIUs could stabilize the ubiquitin chains at DSB sites by reducing the accessibility of deubiquitinating enzymes and/or the 26S proteasome and, thus, might allow us to detect endogenous Lys48-linked ubiquitin chains at DSB sites. Indeed, expression of RNF168 MIUs markedly promoted the focus formation of Lys48-as well as Lys63-linked ubiquitin chains (Fig. 1a, right) , suggesting that Lys48-linked ubiquitin chains form at DSB sites. Unlike the MIUs of RNF168, which bind to both Lys48-and Lys63-linked ubiquitin chains, the two ubiquitin interaction motifs (UIMs) of receptor-associated protein 80 (RAP80) specifically associate with Lys63-but not Lys48-linked ubiquitin chains 19, 22, 23 . Accordingly, the expression of RAP80 UIMs increased the brightness of Lys63-linked ubiquitin chains at DSB sites but had no effect on Lys48 staining (Fig. 1b,c) . To further rule out any possible cross-reactions of linkage-specific antibodies, we used HEK 293T cells stably expressing the Flag-tagged mutant of ubiquitin containing only Lys48 or Lys63 and confirmed the above results ( Supplementary Fig. 1c ). In addition, RNF8 did not promote the lysine-less ubiquitin mutant K0 to form foci in response to ionizing radiation ( Supplementary Fig. 1d ), and neither RNF8 nor Lys48 could form foci in the absence of ionizing radiation (Supplementary Fig.  1e ). Together, these data suggest that Lys48-linked ubiquitin chains normally accumulate at DSB sites, but that they are hard to detect because of their rapid turnover.
UBC13 is required for Lys63-linked ubiquitin chain formation
UBC13 is the only known E2 ubiquitin-conjugating enzyme that specifically assembles Lys63-linked chains 9 . Previous studies have shown that depletion of either RNF8 or UBC13 abolished the formation of pulldown assay was performed using ubiquitin chains of length 2-7 (polyUb 2-7 ) linked by Lys48 (left) or Lys63 (right) and GST-MIU fusion proteins of RNF168 (residues 100-500).
Immunoblotting was conducted using ubiquitin antibodies. F-T, flow-through; GST, glutathione S-transferase; WB, western blotting. npg a r t i c l e s ubiquitin conjugates (FK2) and Lys63 foci at DSB sites 12, 13, 15 . In addition, an interaction between UBC13 and RNF8 was previously found using a yeast two-hybrid assay 24 . Although RNF8 and UBC13 may in part work together, it is unlikely that UBC13 is involved in RNF8-dependent Lys48 chain formation.
To directly test the requirement of UBC13 for these E3 ligases, we expressed RNF8 or RNF168 in wild-type and Ubc13 −/− mouse embryonic fibroblast (MEF) cells. RNF168 did not enhance the formation of either Lys63-linked chains (Fig. 2a, top) or total ubiquitin conjugates detected by FK2 antibody (Fig. 2a, bottom) in Ubc13 −/− MEFs, whereas the ability of RNF8 to promote Lys48 chain formation occurred independent of Ubc13 (Fig. 2b) . Therefore, UBC13 is a physiological E2 partner for RNF168, but UBC13 is dispensable for RNF8 to catalyze Lys48-linked ubiquitin chain formation.
RNF8 promotes KU80 and CHK2 degradation
A typical feature of most E3 ligases is the ability to catalyze their own ubiquitination 25, 26 . We found that RNF8 could autoubiquitinate and degrade itself through its RING domain both in vivo and in vitro (Supplementary Figs. 2 and 3) , and the autoubiquitination chains that formed in vivo were Lys48 linked (Supplementary Fig. 2f ). These data further substantiated the notion that RNF8 mainly synthesizes Lys48-linked ubiquitin chains, which then lead to protein degradation through the proteasome-dependent pathway. However, it is unlikely that the sole function of RNF8 is to remove itself from DSB sites. We suspected that there may be other RNF8 substrates that have a role in the DNA damage response. Thus, we tried to identify physiological substrate(s) of RNF8, which might be unstable at chromatin.
A recent study showed that KU80 is ubiquitinated through Lys48 linkage at DSB sites and that this ubiquitination of KU80 is required for the removal of KU80 from DNA 27 . This finding prompted us to test the possibility that RNF8 triggers the degradation of KU80. Indeed, expression of RNF8 markedly reduced the protein level of epitopetagged KU80, whereas the expression of RNF168 did not affect the KU80 protein level (Fig. 3a) . Furthermore, deletion of the RING domain as well as deletion of the FHA domain abrogated the ability of RNF8 to degrade KU80 (Fig. 3b) . In addition, both wild-type and the RING deletion mutant, but not the FHA deletion mutant, of RNF8 bound to KU80 (Fig. 3c) , implying that the binding of KU80 to RNF8 is required for its destabilization. In addition, RNF8 efficiently promoted the ubiquitination of KU80 in vivo, which requires the intact RING domain of RNF8 (Fig. 3d) . Depletion of endogenous RNF8 in HeLa cells increased the protein concentration of KU80 (Fig. 3e,  left) , again confirming that RNF8 promotes KU80 degradation.
Next we explored the physiological role of the KU80 degradation that is promoted by RNF8. KU forms a ring-like structure and completely encircles the DSB ends, which may then translocate inward or be removed to provide room for DNA-PKcs and other repair factors that process the DNA ends before ligation (see review in ref. 28) . Fractionation experiments showed that the concentrations of KU80 increased in the chromatin fraction of RNF8-depleted cells (Fig. 3e, right) , suggesting that RNF8 may specifically target KU degradation or removal at DSB sites. To test this possibility, we used laser-induced DNA damage for the visualization of KU80 accumulation at DNA damage sites. As previously reported 29, 30 , we observed immediate but transient accumulation of KU80 at damage sites after laser microirradiation treatment (Fig. 3f) . However, depletion of RNF8 markedly prolonged the retention of KU80 at laser-induced DNA damage sites (Fig. 3f) , implying that the degradation of KU80 by RNF8 is required for the removal of KU80 from DSBs. Consistently with the requirement of RNF8 for KU80 turnover at damage sites, Rnf8 −/− cells showed reduced nonhomologous end-joining (NHEJ) repair, as assessed by a previously established plasmid-based endjoining assay 31 , and only reintroduction of wild-type RNF8, but not of the RING or FHA deletion RNF8 mutants, was able to rescue this NHEJ repair deficiency (Fig. 3g) . Together, these data suggest that RNF8 may target the removal of KU80 at the sites of DNA damage and thus facilitate NHEJ.
In addition to KU80, checkpoint kinase 2 (CHK2) is another possible substrate of RNF8 based on its upregulation in T cells from Rnf8-deficient mice 32 . Knockdown of RNF8 in human cells resulted in elevated CHK2 concentration but had no effect on the expression of CHK1 (Fig. 3e) . In addition, depletion of RNF168 did not affect the KU80 or CHK2 concentrations (Fig. 3e) , suggesting that RNF8 has a distinct set of substrates that are independent of RNF168. Similar to KU80, CHK2 also associated with RNF8 and was ubiquitinated by RNF8 in vivo (Supplementary Fig. 4a-c) . Furthermore, both the abundance and activation of CHK2 in response to ionizing radiation were elevated in RNF8-depleted cells (Supplementary Fig. 4d) . Collectively, these data support the idea of RNF8 having two additional physiological substrates: KU80 and CHK2.
Kinetics of distinct ubiquitin chain formation at DNA damage sites
We could not cytologically detect the localization of Lys48-linked ubiquitin chains at ionizing radiation-induced damage sites without the Figure 1a . DAPI, 4′,6-diamidino-2-phenylindole. npg a r t i c l e s ectopic expression of RNF8 or the MIU domains of RNF168 (Fig. 1) ; this might be caused by amounts of Lys48 chains below the limit of detection at sites of DNA breaks. To detect endogenous Lys48-linked ubiquitin chain formation at DNA damage sites, we used a laser microirradiation method. Our results revealed that endogenous Lys48-linked ubiquitin chains accumulated at the laser-induced damage sites, and this accumulation was RNF8 dependent (Fig. 4a) . These data support our conclusion that RNF8 generates Lys48-linked ubiquitin chains at DSBs. Next, we studied the kinetics of the formation of different ubiquitin chains at DNA damage sites. The formation of Lys48-linked ubiquitin chains was transient, as it appeared rapidly at the laser-induced damage sites and then quickly diminished, eventually becoming undetectable at 1 h after irradiation (Fig. 4b) . In contrast, the Lys63-linked ubiquitin chains remained at the laser-induced DNA damage sites at 4 h after microirradiation (Fig. 4b) . These data agree with the notion that Lys48 linkage serves as a proteolytic signal and targets substrates for degradation; conversely, Lys63 linkage is involved in a non-proteolytic pathway in which the chains serve as signaling molecules in DNA damage response.
DISCUSSION
Ubiquitination modification has a key role in the DNA damage response. In this study, we show that the two RING finger E3 ubiquitin ligases involved in the DNA damage pathway differ in the specific ubiquitin linkages they catalyze. RNF168 acts with the E2 conjugating enzyme UBC13 to synthesize Lys63-linked ubiquitin chains. In comparison, RNF8 primarily promotes the assembly of Lys48-linked ubiquitin chains, which are independent of UBC13. Although we cannot rule out the possibility that RNF8 may also have limited roles in the UBC13-dependent assembly of Lys63-linked ubiquitin chains and/or in promoting the mono-or di-ubiquitination of some of its substrates, our data show that RNF8 has a previously unidentified role in promoting protein degradation. Indeed, the specificities of the ubiquitin chain linkage assembled by RNF8 and RNF168 correlate with different biological effects on their substrates. RNF168 is the major E3 ligase that catalyzes Lys63-linked ubiquitination of histones H2A and H2AX, which is recognized by the tandem UIM domains of RAP80 and thereby recruits the BRCA1-A complex to sites of DNA lesions [33] [34] [35] . The di-ubiquitinated histone H2A (Lys63 linked) is abundant and is relatively stable in chromatin after DNA damage 18 , which is consistent with the general idea that Lys63-linked ubiquitin chains are associated with non-proteolytic functions such as signal transduction. At sites of DNA damage, the Lys63-linked chains are slowly hydrolyzed by a Lys63-specific deubiquitinating enzyme, BRCA1-and BRCA2-containing complex, subunit 3 (BRCC36), which is a component of the BRCA1-A complex 18 . The exact function of this slow turnover of Lys63-linked ubiquitin chains at DSB sites has not been determined. 
a r t i c l e s
The major function of RNF8 is to promote the assembly of Lys48-linked ubiquitin chains. We showed this by using a Lys48-linkage-specific antibody ( Figs. 1 and 2 ) and a cell line expressing an epitope-tagged ubiquitin mutant containing only Lys48 (Supplementary Fig. 1c ). In addition, we showed the presence of endogenous Lys48 chain formation at DSB sites by the use of RNF168 MIU domains (Fig. 1a) , which bind to Lys48-linked ubiquitin chains 36 and stabilize them in the cell. Furthermore, the accumulation of endogenous Lys48-linked ubiquitin chains can be detected by laser microirradiation (Fig. 4a,b) . Lys48-specific polyubiquitination normally targets its substrates for degradation. In support of our working hypothesis that RNF8 promotes Lys48-linked ubiquitin chain formation, we showed that RNF8 regulates the degradation of several of its substrates, including KU80 and CHK2, both of which are highly dynamic at DSB sites and do not show any discernible IRIF 29, 37 . Similar to other NHEJ repair proteins, the accumulation of KU at laser-induced DNA damage regions is rapid but transient 29, 30 ( Fig. 3g) . KU forms a ring-like structure, and its central channel is large enough to encircle a single duplex of DNA 38 . It was previously speculated that KU should be removed from the DSB ends, as KU trapped on DNA would impair not only DNA repair but also basic cellular processes such as transcription and replication. However, the factor(s) responsible for the removal of KU from the DNA ends has not been identified. Our discovery that RNF8 regulates the turnover of KU80 at damage sites and that loss of RNF8 profoundly impairs NHEJ efficiency suggests that RNF8 is one of the factors involved in the removal of KU from the DNA ends. In addition, we identified the checkpoint protein CHK2 as another substrate of RNF8. Depletion of RNF8 increased the abundance and activity of CHK2 after DNA damage ( Supplementary  Fig. 4d ). CHK2 is phosphorylated by ATM at DSBs and then rapidly diffuses throughout the nucleus to transmit checkpoint signals 37 .
The functional role of RNF8-dependent CHK2 turnover is not clear, as unique substrates of CHK2 remain elusive 39 .
Researchers from a previous study recently published data showing that RNF8 catalyzes Lys48-linked ubiquitin chain formation and targets itself for degradation 40 . The results from that previous study agree with those from an earlier study 41 as well as our observations here, particularly the data presented in Supplementary Figures 2 and 3 . It is unclear whether RNF8 also promotes Lys63-linked ubiquitin chain formation. Based on the observation that RNF8 overexpression did not enhance Lys63 staining in vivo (Figs. 1a and 2b) , we speculate that the major ligase activity of RNF8 is to promote Lys48-linked, but not Lys63-linked, polyubiquitination. However, we could not rule out the possibility that RNF8 has limited activity toward Lys63-linked ubiquitin chains, which may be sufficient to recruit RNF168 and initiate the RNF168-dependent DNA damage signaling pathway. Nevertheless, RNF168 is the major E3 ligase that promotes Lys63-linked ubiquitin chain formation at DNA damage sites. RNF168 recognizes both Lys48-and Lys63-linked ubiquitin chains (Fig. 1d) . This property of RNF168 allows it to recognize its own products and, thus, set off a positive feedback loop to further promote the accumulation of Lys63-linked ubiquitin chain formation at DSB sites (Fig. 4c) , which is crucial for the accumulation of 53BP1, BRCA1 and other damage repair proteins. In this context, RNF8 has two distinct roles at DNA damage sites: to recruit other DNA damage repair proteins to DSB sites through the action of RNF168 and to remove a number of proteins from DNA damages sites through RNF8-dependent Lys48-specific ubiquitin chain formation. Both of these roles are crucial in the DNA damage signaling and repair pathways (Fig. 4c) .
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. 
